Abstract. Ecological stoichiometry provides a novel context for elucidating the occurrence of intraguild predation. Recent data show that predators on average have a higher nitrogen content and lower C:N ratio than potential herbivorous prey. Thus, many predators may be nitrogen limited, and intraguild predation may allow them to increase their nitrogen intake and growth by supplementing a diet of herbivores with more nitrogen-rich intraguild prey. We tested this hypothesis using an assemblage of salt-marsh-inhabiting arthropods. First, we determined the nitrogen content and C:N ratio of taxa in four trophic groups (plants, herbivores, omnivores, and predators). Second, we fed an intraguild predator, the wolf spider Pardosa, one of three diets (herbivores, intraguild prey, or an alternating mix of the two) and measured spider survival, growth, capture rate, and biomass and nitrogen intake.
INTRODUCTION
Omnivory is widespread in terrestrial arthropods, occurring in a diverse group of taxa that occupy both natural and agricultural habitats (Alomar and Wiedenmann 1996, Coll and Guershon 2002) . Broadly defined, omnivores feed across two or more trophic levels (Polis and Strong 1996) and include ''herbivores'' that obtain nutrients from resources other than their host plants (e.g., 6 E-mail: rd12@umail.umd.edu cannibalism), ''predators'' that feed on certain plant tissues (e.g., pollen, seeds, and meristems) in addition to prey, and predators that feed on herbivores as well as other predators (e.g., intraguild predators) (Coll 1998 , Rosenheim 1998 , Coll and Guershon 2002 . Because omnivory is thought to have significant consequences for predator-prey interactions (Rosenheim 1998 , Eubanks and Denno 2000a , food-web dynamics (Polis and Strong 1996 , Fagan 1997 , McCann et al. 1998 , ecosystem function (Ostrom et al. 1997) , and biological control (Rosenheim et al. 1995 , Hodge 1999 , it becomes paramount to understand factors that promote this feeding strategy.
Ecological stoichiometry, the study of the relative balance of nutrients in organisms from different trophic levels (Elser et al. 1996 , 2000 , Sterner and Elser 2002 , provides a compelling context for elucidating the occurrence of omnivory (Fagan et al. 2002, Denno and Fagan 2003) . For example, it has long been recognized that the stochiometric mismatch in nitrogen content between arthropod herbivores and their host plants (C:N plants k C:N herbivores ) imposes tremendous demands for nitrogen and fundamental limitations on insect growth and fitness (McNeill and Southwood 1978 , Mattson 1980 , White 1993 , Awmack and Leather 2002 . However, by supplementing a plant diet with additional nitrogen from higher trophic levels, herbivores are able to partially offset this fundamental mismatch and enhance their growth and fitness dramatically (Barros-Bellanda and Zucoloto 2001). Thus, omnivory in ''herbivores'' may result in part from selective pressures associated with a high nitrogen demand compared to their nitrogen-poor host plants (Denno and Fagan 2003) .
Recently, a similar stoichiometric imbalance was documented between higher trophic levels (Fagan et al. 2002) . For example, terrestrial arthropod predators have a significantly higher nitrogen content (11.0%) and a lower C:N ratio (5.29) than do herbivores (N ϭ 9.6%, C:N ϭ 6.22) (Fagan et al. 2002, Denno and Fagan 2003) . Importantly, this difference persists after allometry, gut dilution, phylogeny, and other potentially confounding factors are taken into account (Fagan et al. 2002) . Thus, predators that feed exclusively on herbivores are faced with the prospect of nitrogen limitation, especially in specific cases where the contrast in C:N stoichiometry is great (e.g., coccinellids feeding on aphids) (Fagan et al. 2002) . Coupled with the knowledge that arthropod predators are often prey limited (Hurd and Eisenberg 1984 , Polis and McCormick 1986 , Rosenheim et al. 1993 , Wise 1993 , Hodge 1999 , Stamp 2001 , predators likely face routine nitrogen shortages, albeit to a lesser degree than herbivores (Denno and Fagan 2003) .
Thus, stoichiometric imbalances at higher trophic levels may favor intraguild predation, whereby predators might enhance their nitrogen intake and ultimately their performance by supplementing a diet of herbivores with more nitrogen-rich intraguild prey (Denno and Fagan 2003) . Although arthropod predators have been fed diets consisting of herbivores, detritivores, and other predators and have had their performance assessed , Li and Jackson 1997 , Strohmeyer et al. 1998 , Toft and Wise 1999a , Stamp 2001 , the relative nitrogen stoichiometries of predators and prey are rarely measured (but see Duval and Williams [2000] ). Notably, an explicit link between prey capture, prey stoichiometry, and predator performance has not been established for terrestrial arthropod predators.
Admittedly, variation in prey behavior, toxicity, abundance, and risk of predation may compromise a predator's selection of more nitrogen-rich intraguild prey (Toft 1999 , Toft and Wise 1999a , b, Francis et al. 2001 , Stamp 2001 , Denno and Fagan 2003 , Singer and Bernays 2003 . Together with the suggestion that stoichiometric effects may attenuate at higher trophic levels (Schindler and Eby 1997 , Sterner and Elser 2002 , Denno and Fagan 2003 , prey behavior and risk of predation may offset any stoichiometric advantage altogether (Singer and Bernays 2003) . Attenuation might result from less pronounced stoichiometric mismatches between higher trophic levels (Fagan et al. 2002, Denno and Fagan 2003) or because gross growth efficiencies of higher predators are often low such that assimilate is used largely for maintenance and the stoichiometry of growth becomes less relevant (see Schindler and Eby [1997] , Sterner and Elser [2002] ). Nonetheless, the extent to which prey behavior and abundance prevail over prey stoichiometry has been largely precluded due to the paucity of data on prey nutrition coupled with controlled experiments (Denno and Fagan 2003) . In this multifaceted context, we test the hypothesis that predators will grow more rapidly on a diet of intraguild prey than on one consisting of herbivores because predators on average contain more nitrogen.
The assemblage of arthropods inhabiting the intertidal marshes of North America was used to explore this issue. The top arthropod carnivore is the hunting spider Pardosa littoralis that feeds on a diversity of herbivores (planthoppers and leafhoppers) as well as on other predators (mirid bugs and web-building spiders) (Dö bel and Denno 1994 . Notably, intraguild predation by Pardosa in this system is frequent and can result in significant reductions in the density of intraguild prey , in press, Finke and Denno 2002 . Thus, our specific objectives were to: (1) determine the nitrogen content and C:N ratio of the common herbivores and predators on the marsh to verify expected trophic differences in nutrient content and (2) compare the survival, growth, capture rate, and nitrogen intake of Pardosa when raised on diets of herbivores (planthoppers), intraguild prey (web-building spiders or mirid bugs), and an alternating mix of herbivores and intraguild prey. The mixed-diet treatment was explicitly designed to provide Pardosa with the opportunity to supplement an herbivore diet with intraguild prey. Last (3) we determine the overall relationship between Pardosa growth and its nitrogen and biomass intake and discuss the extent to which prey behavior might deter the capture of prey independent of potential nutritional benefits. With these experiments we aim to establish a more rigorous link between prey nutrition and predator performance and elucidate the nutritional advantages of an omnivorous feeding strategy.
PREY NUTRITION AND PREDATOR PERFORMANCE

METHODS
Study system
The vegetation of mid-Atlantic coastal marshes is dominated by perennial cordgrasses (Spartina) and sedges (Scirpus) that often grow in extensive pure stands (Redfield 1972) . In intertidal marshes, the low marsh is occupied by Spartina alterniflora whereas Spartina patens grows at higher elevations (Bertness 1991) . In contrast, upland brackish marshes are covered by Spartina cynosuroides and Scirpus robustus (Mobberley 1956 , Redfield 1972 .
Although a variety of host-specific herbivorous insects feed on Spartina, sap-feeders (planthoppers, leafhoppers, and mirid bugs) are by far the most abundant and diverse guild (Denno 1980 , 1983 . Of all the sap-feeders on S. alterniflora, two phloem-feeding planthoppers, Prokelisia dolus and P. marginata (Hemiptera: Delphacidae), are by far the most abundant . Sap-feeders also dominate the herbivore assemblage on S. patens where the planthoppers Delphacodes detecta and Tumidagena minuta abound (Denno 1980) . Wolf spiders, particularly Pardosa littoralis, are the most abundant and voracious predators of the active stages of planthoppers (adults and nymphs) in both Spartina systems (Dö bel et al. 1990 . Other abundant predators of planthoppers include the abundant web-building spider Grammonota trivitatta, which feeds on planthopper nymphs and adults , and the mirid bug Tytthus vagus, which selectively consumes planthopper eggs Denno 2002, 2003) . Notably, Pardosa is a voracious intraguild predator of Tytthus, and it also consumes other spider species such as Grammonota Denno 2002, Gratton and Denno et al., in press) . Unlike Pardosa, Tytthus and Grammonota rarely engage in intraguild predation. Numerous other arthropod predators occur on the marsh (e.g., spiders, heteropterans, and beetles), but most are relatively uncommon (Denno 1983) . True omnivores (sensu Coll and Gueshon 2002) include the longhorn grasshopper Conocephalus spartinae, which feeds on the leaves and seeds of both Spartina species as well as on planthoppers and other insects, and the coccinellid Naemia seriata, which consumes Spartina pollen and arthropod prey (Vince et al. 1981; R. F. Denno, unpublished data) .
Nitrogen content and C:N stoichiometry of fieldcollected marsh plants and arthropods
To determine the nitrogen and carbon content of marsh taxa in four trophic groups (plants, herbivores, true omnivores, and predators) a variety of taxa were collected during July 2002 at two marsh locations in New Jersey, USA (Tuckerton, Ocean County, and Alloway Creek, Salem County). In all, four plant species, eight herbivores, two omnivores, and 21 predators (3-5 replicates of each taxon) were sampled, kept on ice in the field, and then frozen (see Appendix A). For small arthropods such as planthoppers, 5-10 individuals were pooled to obtain sufficient biomass for analysis, and the sum constituted one replicate. Only one or two individuals of larger arthropods (e.g., wolf spiders) comprised a replicate. All samples were oven dried at 50ЊC for 48 h before grinding to a powder. Sample aliquots of powder for each replicate (1-3 mg dry mass) were packed into tin capsules that were sent to the Colorado Stable Isotope Laboratory (Northern Arizona University, Flagstaff, Arizona, USA) where percentage of carbon (%C), percentage of nitrogen (%N), and C:N were determined. Samples were analyzed in continuous-flow mode using an isotope-ratio mass spectrometer (Thermo-Quest Finnigan Deltaplus XL, Thermo Electron, Waltham, Massachusetts, USA) interfaced with a Carlo Erba 2100 elemental analyzer (Milan, Italy). The effect of trophic level (plant, herbivore, omnivore, and predator) on %N and C:N was determined using ANOVA, and means were compared using Tukey-Kramer honestly significant difference (hsd) tests.
Nitrogen limitation and the threshold elemental ratio for Pardosa
The likelihood that Pardosa exhibits reduced growth by feeding on prey (herbivores or predators) with different C:N compositions was estimated using the ''threshold elemental ratio'' (hereafter TER) developed by Urabe and Watanabe (1992) and further explored by Sterner and Elser (2002) . Relative to its own C:N content, the TER identifies the level above which a predator is limited by the C:N ratio of its prey and is thus likely to experience a growth penalty. Expressed in terms of C:N ratios, the TER in a predator-prey interaction is given by
where ␣ N is the maximum gross growth efficiency for N (i.e., the fraction of ingested N that the predator converts into new biomass), ␣ C is the maximum gross growth efficiency for C, and C:N prey and C:N predator are the C:N ratios of prey and predator biomass, which are assumed to be species-specific and under strong homeostatic regulation (Fagan et al. 2002 , Sterner and Elser 2002 , Denno and Fagan 2003 . To calculate the TER for Pardosa, we used ␣ N ϭ 0.7 and ␣ C ϭ 0.65 (see Fagan et al. [2002] ). Note that these values imply that Pardosa is slightly better at utilizing consumed N than C, but is an imperfect consumer of both (see Nentwig [1987] , Riechert and Harp [1987] , Fagan et al. [2002] ). For further justification and details see Fagan et al. (2002) and Denno and Fagan (2003) . The TER of Pardosa was then used to determine the C:N ratio of prey above which limited growth occurs and to assess which prey (herbivores, omnivores, or predators) were more likely to confer a growth penalty. The C:N ratios for Pardosa and all potential prey species were determined from field-collected arthropods (Appendix A).
Survival, growth, capture rate, and nitrogen intake of Pardosa fed diets of herbivores and intraguild prey
The survival, growth, capture rate, and nitrogen intake of a single Pardosa spider (immature) was measured on three diets (herbivores, intraguild prey, or an alternating mix of the two) in plastic tube cages containing a single Spartina culm (see for cage design). Two experiments were conducted in the laboratory. For the first experiment, Pardosa was fed a diet of herbivores only (20 last-instar nymphs of the planthopper Prokelisia dolus), intraguild prey only (10 immatures of the web-building spider Grammonota trivittata), or an alternating mix of the two. In the second experiment, Pardosa was fed a diet of herbivores (20 last-instar nymphs of Prokelisia), intraguild prey (20 last-instar nymphs of the mirid egg predator Tytthus vagus), or a mix. Each diet treatment was replicated 11-13 times. Experimental diets were designed to maintain a nearly constant availability of prey biomass. Thus, because the Grammonota spiderlings used as prey in experiment 1 weighed about twice as much (1.11 Ϯ 0.04 mg wet mass; means Ϯ 1 SE) as Prokelisia nymphs (0.53 Ϯ 0.04 mg), only half as many were offered as prey (10 vs. 20) to standardize the biomass of prey available to Pardosa. This was not an issue in experiment 2 because the Prokelisia and Tytthus offered were quite similar in size (0.48 Ϯ 0.02 mg and 0.41 Ϯ 0.02 mg, respectively). The mixed-diet treatment was achieved by alternating herbivore with intraguild prey every 3-5 days. For the mixed treatment in both experiments, Pardosa was offered the herbivore first followed by intraguild prey. This resulted in five and four alternating exposure periods to each prey type in experiments 1 and 2, respectively. For all three treatments, prey were replaced every 3-5 days to maintain experimental densities and size classes. Both Tytthus and Grammonota were selected as intraguild prey because they are so abundant on the marsh and play key roles in interactions with Pardosa and Prokelisia planthoppers (Dö bel and Denno 1994 .
For both experiments, single Pardosa immatures were raised on one of the three diet treatments and their growth and survival was assessed every 3-5 days by removing and weighing each spider. Thus, body mass (in milligrams), mass gain (in milligrams per day), and survival were assessed repeatedly during the time course of the experiments (10 times over a 45-day period beginning 21 June 2002 and eight times over a 35-day period beginning 22 August for experiments 1 and 2, respectively). Capture rate (number per day) was assessed by counting the number of prey remaining in each cage every 3-5 days and subtracting this count from the initial number offered. This number was adjusted down by subtracting the number of prey that died in Pardosa-free cages (five replicates of each prey treatment), a number that was generally very low. The biomass of prey consumed (in milligrams per day) during each 3-5-day interval was calculated by multiplying capture rate (number per day) by the mean biomass of individual prey offered (Prokelisia ϭ 0.53 mg and Grammonota ϭ 1.11 mg in experiment 1; Prokelisia ϭ 0.48 mg and Tytthus ϭ 0.41 mg in experiment 2). Nitrogen intake for Pardosa (in milligrams per day) was calculated for each time interval as the product of the wet biomass of prey captured (in milligrams per day), its proportional dry mass, and its mean nitrogen content expressed as a proportion of dry mass. The mean proportional nitrogen content of prey used in these calculations was 0.114 Ϯ 0.01 and 0.120 Ϯ 0.01 for Prokelisia and Grammonota in experiment 1 and 0.111 Ϯ 0.04 and 0.098 Ϯ 0.04 for Prokelisia and Tytthus in experiment 2, respectively. Mean dry mass proportions used in the conversions were 0.219 Ϯ 0.01 and 0.252 Ϯ 0.03 for Prokelisia and Grammonota in experiment 1 and 0.219 Ϯ 0.1 and 0.279 Ϯ 0.04 for Prokelisia and Tytthus in experiment 2, respectively. Spartina, Prokelisia, and spiders were cultured and maintained under controlled conditions prior to use in experiments (see ). The nitrogen content and biomass of each prey type was determined from a subset (five replicates) of the same cultured animals used in experiments. Thus, because prey in the same stage class were used and because prey were frequently replaced, neither the biomass nor nitrogen content of prey was likely to change much over the course of the experiment. All cultured arthropods were initially obtained from a Spartina marsh near Tuckerton, New Jersey (see Denno et al. [2002] ).
Repeated-measures ANOVA was used to test the effects of treatment (herbivore, intraguild prey, or the mix), time (10 or 8 for experiments 1 and 2, respectively), and their interaction on Pardosa mass, mass gain, capture rate of prey, biomass of prey consumed, and nitrogen intake (SAS 2001). Non-independence of residual variance across time periods was modeled using either an unstructured or compound symmetry covariance structure (PROC MIXED, SAS 2001). Pairwise comparisons of treatment means were made using t tests followed by a Tukey-Kramer adjustment for multiple comparisons. When needed, data were transformed to meet ANOVA assumptions: Pardosa mass data were log transformed and capture rate data were square-root transformed. The effects of the three diet treatments on mean Pardosa survival were assessed using ANOVA followed by a Tukey-Kramer adjustment for multiple comparisons (JMP version 5, SAS 2001) . The nitrogen contents (as percentages) of the herbivore and intraguild prey used in both experiments were compared by ANOVA. Data for experiments 1 and 2 were analyzed separately. Relationship between prey biomass and nitrogen intake and the growth and survival of Pardosa The relationship between nitrogen intake (in milligrams per day) and mass gain (in milligrams per day) in Pardosa was determined by correlating treatment means from experiments 1 and 2. The six diet treatments were: herbivorous prey (Prokelisia planthoppers in experiments 1 and 2), intraguild prey in experiments 1 and 2, respectively (Grammonota spiders and Tytthus egg predators), or an alternating mix of herbivores and intraguild prey in experiments 1 and 2, respectively (Prokelisia ϩ Grammonota and Prokelisia ϩ Tytthus). The relationship between prey biomass consumed (in milligrams per day) and both the mass gain and survival of Pardosa was determined from the six treatment means, as well as the relationship between prey biomass consumed and nitrogen intake. To assess the effect of prey stoichiometry on mass gain in Pardosa independent of the amount of prey consumed, residuals of the relationship between mass gain and biomass consumed were correlated with the nitrogen content (%N) and C:N ratio of the total prey biomass consumed. Relationships were tested using Spearman's rank correlation tests, and residuals were determined from parametric linear correlations (JMP version 5, SAS 2001).
RESULTS
Nitrogen content and C:N stoichiometry of fieldcollected marsh plants and arthropods
There was a significant effect of trophic group on both the nitrogen content (F 3,31 ϭ 138.3, P Ͻ 0.0001) and C:N ratio of salt-marsh organisms (F 3,31 ϭ 239.8, P Ͻ 0.0001). In general, nitrogen content increased up the food chain from plants (1.23 Ϯ 0.46%) to predators (11.5 Ϯ 0.2%) with the largest discrepancy occurring between plants and herbivores (9.2 Ϯ 0.3%; Fig. 1A) . Notably, the nitrogen content of predators was higher than that for herbivores with omnivores falling in between (10.5 Ϯ 0.7%). The C:N ratio of organisms showed the opposite pattern by decreasing up the food web (Fig. 1B) . Plants exhibited the highest values (37.6 Ϯ 1.2), yet herbivores had significantly higher C:N ratios (5.6 Ϯ 0.8) than predators (4.3 Ϯ 0.5), with omnivores again intermediate (4.8 Ϯ 1.6). These data suggest that in general predators feeding on other predators encounter a more nitrogen-rich meal than predators feeding on herbivores. There were trophic exceptions as evidenced by one of our experimental predators Tytthus that had a nitrogen content (9.3 Ϯ 0.2%) lower than that for predators in general (11.5 Ϯ 0.2%) and similar to that for most herbivores (9.2 Ϯ 0.3%) (Appendix A). Grammonota, our other experimental predator, had a high nitrogen content (12.0 Ϯ 0.1%), more like that of predators in general.
Nitrogen limitation and the threshold
elemental ratio for Pardosa Pardosa, with a C:N ratio of 4.02, should experience nitrogen-limited growth (TER C:N ϭ 4.32) when feeding on prey with a C:N ratio Ն4.32. Thus, feeding exclusively on any marsh herbivore (C:N ϭ 5.6 Ϯ 0.8, range ϭ 4.5-6.4) or omnivore (C:N ϭ 4.8 Ϯ 1.6, range ϭ 4.6-5.0) has potential adverse growth consequences (see Appendix A). By feeding on marsh predators (C:N ϭ 4.3 Ϯ 0.5, range ϭ 3.5-5.3), nitrogen-limited growth should be less likely for Pardosa. For the prey species used in our experiments, and all else being equal, Pardosa should experience growth penalties when feeding exclusively on Prokelisa dolus (C:N ϭ 5.3 Ϯ 0.2) and Tytthus (C:N ϭ 5.2 Ϯ 0.1), but not when consuming Grammonota (C:N ϭ 4.0 Ϯ 0.04).
Survival, growth, capture rate, and nitrogen intake of Pardosa fed diets of herbivores and intraguild prey
In the first experiment, Pardosa survived and performed better on the herbivore diet than a diet of intraguild prey (Fig. 2) despite the higher nitrogen content of the intraguild prey (Grammonota ϭ 12.0 Ϯ 0.1%, Prokelisia ϭ 11.4 Ϯ 0.1%; F 1,6 ϭ 24.4, P ϭ 0.003). For example, there was a significant effect of diet on survival (F 2,30 ϭ 5.09, P ϭ 0.013), with Pardosa exhibiting significantly higher survival on a diet of Ecology, Vol. 85, No. 9 
FIG. 2. (A) Survivorship (as a proportion), (B) mass, and (C) mass gain of
Pardosa wolf spiders fed one of three diets for 45 days: Prokelisia planthoppers (herbivores), Grammonota spiders (intraguild prey), or an alternating mix of planthoppers and spiders. For the mixed-diet treatment, herbivores were always offered first in the alternating sequence and were switched with intraguild prey every 3-5 days. In the right panels, overall treatment means (Ϯ SE) with different letters are significantly different (Tukey-Kramer comparison, P Ͻ 0.05).
Prokelisia planthoppers and the mixed diet than when fed only Grammonota spiders ( Fig. 2A) . Similarly, there was a significant effect of diet and its interaction with time on the mass of Pardosa (Appendix B). Pardosa fed Prokelisia planthoppers or the alternating mix of prey were significantly heavier than those fed Grammonota (Fig. 2B) . Fed an alternating mixed diet, Pardosa gained mass more during periods when it was fed Prokelisia than when it was fed exclusively Grammonota (Fig. 2C) . This alternating pattern of mass gain is supported by a significant diet by time interaction (Appendix B).
In experiment one, Pardosa captured more prey, consumed more prey biomass, and therefore consumed more nitrogen when fed a diet of herbivores than intraguild prey or the mix (Fig. 3) . For instance, there was a significant effect of diet and its interaction with time on the number of prey captured (Appendix B); on average, Pardosa captured 2-3 times as many Prokelisia per unit time as it did Grammonota (Fig. 3A) . The fluctuating pattern of prey capture when fed the alternating mix emphasizes the ease with which Pardosa captured the herbivore compared to intraguild prey (Fig. 3A) . This pattern undoubtedly contributed to the significant interactive effect of diet with time on prey capture (Appendix B). There was also a significant effect of diet and its interaction with time on the biomass of prey consumed and on nitrogen intake, with Pardosa PREY NUTRITION AND PREDATOR PERFORMANCE
FIG. 3. (A)
Number of prey captured, (B) prey biomass consumed, and (C) nitrogen intake of Pardosa wolf spiders fed one of three diets for 45 days: Prokelisia planthoppers (herbivores), Grammonota spiders (intraguild prey), or an alternating mix of planthoppers and spiders. For the mixed-diet treatment, herbivores were always offered first in the alternating sequence and were switched with intraguild prey every 3-5 days. In the right panels, overall treatment means (Ϯ SE) with different letters are significantly different (Tukey-Kramer comparison, P Ͻ 0.05).
consuming the most prey biomass (Fig. 3B ) and nitrogen (Fig. 3C) when fed a diet of Prokelisia (Appendix B). Again, a fluctuating pattern of biomass consumption and nitrogen intake was evident when Pardosa was fed the alternating mix of prey (Fig. 3B, C) .
Results from the second experiment showed that Pardosa survived equally well on diets of Prokelisia planthoppers, Tytthus predators, and an alternating mix of the two (F 2,24 ϭ 0.66, P ϭ 0.53; Fig. 4A ). This result occurred even though Prokelisia was slightly more nitrogen rich (11.1 Ϯ 0.4% nitrogen) than Tytthus (9.8 Ϯ 0.4%; F 1,8 ϭ 5.8, P ϭ 0.042). However, by all other measures, Pardosa performed best on a diet of Tytthus.
For example, there were significant effects of diet and its interaction with time on the mass of Pardosa and on its daily mass gain (Appendix B). In general, Pardosa grew to a larger size and gained mass most rapidly on a diet of Tytthus compared to Prokelisia with intermediate performance on the mixed diet (Fig. 4B, C) . When fed the alternating mix, a fluctuating pattern was evident with Pardosa gaining more mass when exposed to Tytthus than Prokelisia (Fig. 4C) . Thus, supplementing a diet of herbivores with intraguild prey enhanced the growth of Pardosa (Fig. 4B, C) .
Diet and its interaction with time significantly affected Pardosa's capture rate of prey, with more Tyt- Ecology, Vol. 85, No. 9 FIG. 4 . (A) Survivorship (as a proportion), (B) mass, and (C) mass gain of Pardosa wolf spiders fed one of three diets for 35 days: Prokelisia planthoppers (herbivores), Tytthus bugs (intraguild prey), or an alternating mix of planthoppers and bugs. For the mixed-diet treatment, herbivores were always offered first in the alternating sequence and were switched with intraguild prey every 3-5 days. In the right panels, overall treatment means (Ϯ SE) with different letters are significantly different (Tukey-Kramer comparison, P Ͻ 0.05).
thus taken per unit time than Prokelisia (Fig. 5A, Appendix B) . A fluctuating pattern of prey capture was seen on the mixed diet with higher capture rates during periods of exposure to Tytthus than Prokelisia (Fig.  5A ), a pattern supported by the significant diet by time interaction (Appendix B). Diet had no significant effect on the biomass of prey consumed, although there was a trend for increased consumption of Tytthus (Fig. 5B , Appendix B). However, there was a significant effect of diet on the amount of nitrogen consumed (Appendix B), with Pardosa consuming more nitrogen per unit time when fed Tytthus than Prokelisia and with nitrogen intake intermediate on the mixed diet (Fig. 5C ).
Relationship between prey biomass and nitrogen
intake and the growth and survival of Pardosa There was a significant positive relationship between nitrogen intake and mass gain in Pardosa across the six diet combinations (r ϭ 0.83, P ϭ 0.04; Fig. 6A ). Moreover, both mass gain (r ϭ 0.83, P ϭ 0.04; Fig.  6B ) and survivorship in Pardosa were significantly related to the biomass of prey consumed (r ϭ 0.80, P ϭ 0.05; Fig. 6C ). Pardosa grew most rapidly and survived best on a diet of Tytthus where its daily acquisition of nitrogen was highest. Pardosa exhibited moderate performance on a diet of planthoppers or on a mixed diet of intraguild prey and planthoppers and growth and survival were most impaired on a Grammonota diet. Overall, nitrogen intake was highly correlated with the biomass of prey consumed (r ϭ 0.92, P Ͻ 0.01; Fig.  6D ). Thus, to extract the effect of prey stoichiometry on mass gain in Pardosa while controlling for the biomass of prey consumed, we correlated the residuals of the relationship between mass gain and prey biomass consumed (Fig. 6B) with the mean nitrogen content (as a percentage) and C:N ratio of the six prey diets. However, we found no relationship between the residuals of mass gain and either the nitrogen content ( Fig. 7A ; r ϭ 0.09, P ϭ 0.87) or C:N ratio of prey biomass ( Fig.  7B ; r ϭ 0.03, P ϭ 0.96). Thus, variation in Pardosa's performance and nitrogen intake across the different prey diets results from differences in capture rate and biomass consumption rather than prey stoichiometry. Nonetheless, feeding on intraguild prey enhanced nitrogen intake and growth in one case (Tytthus) but severely hampered it in another (Grammonota).
DISCUSSION
Overall, salt marsh arthropods displayed the same trophic pattern of nitrogen stoichiometry as that exhibited by arthropods at large (Fagan et al. 2002, Denno and Fagan 2003) , namely that predators in general have a higher nitrogen content and lower C:N ratio than herbivores (Fig. 1) . Reasons for the elevated nitrogen content of predators compared to herbivores are several (Fagan et al. 2002) . First, predators may consume food with higher nitrogen content than herbivores. Second, Ecology, Vol. 85, No. 9 FIG. 6 . Relationship between (A) mass gain and nitrogen intake, (B) mass gain and prey biomass consumed, (C) survivorship and prey biomass consumed, and (D) nitrogen intake and prey biomass consumed in the wolf spider Pardosa fed one of six diets in two experiments: herbivorous prey (Prokelisia planthoppers in experiments 1 [P 1 ] and 2 [P 2 ]), intraguild prey in experiments 1 and 2 (Grammonota spiders [G 1 ], Tytthus egg predators [T 2 ]), or an alternating mix of herbivores and intraguild prey in experiments 1 and 2, respectively (P 1 ϩ G 1 , P 2 ϩ T 2 ). Treatment means Ϯ SE are shown. selection may act in response to the dietary scarcity of nitrogen such that herbivores substitute low-nitrogen materials in constructing certain body parts. Last, herbivory and predation might select for different allocations to high-and low-nitrogen structures such as muscle vs. exoskeleton. Regardless of the underlying cause, however, there is a clear difference in the nitrogen content between herbivorous and predaceous arthropods on the marsh.
Using estimates of a predator's nitrogen requirements and its efficiency in retaining carbon and nitrogen from ingested food, Fagan et al. (2002) showed that the disparity in nitrogen content between predators and their prey places predators at risk for nitrogen limitation and accompanying growth penalties. Using the same stoichiometric approach and calculating the ''threshold elemental ratio'' for Pardosa (TER C:N ϭ 4.32) above which growth penalties occur (Urabe and Watanabe 1992), we show that this predator is more likely to incur growth penalties by feeding exclusively on marsh-inhabiting herbivores and omnivores than by feeding on many predator species. In further support of nitrogen limitation in predators, we found a significant positive relationship between nitrogen intake and mass gain in Pardosa (Fig. 6A) . Other empirical data also support this notion. For example, the addition of amino acids to the diet of wolf spiders enhanced their growth and survivorship (Mayntz and Toft 2001) , and nutrient amendments to standard fruit fly media resulted in increased developmental rates and survival in spiders feeding on the flies (Toft 1999) . Predatory stinkbugs also grew faster on herbivores fed a proteinrich diet (Strohmeyer et al. 1998) . Also, web reclamation and recycling of protein-rich silk by spiders and the consumption of exuviae following molting by some invertebrate predators and omnivores have been linked to nitrogen limitation (Peakall 1971 , Lewis 1981 , Opell 1998 .
Thus, solely from the perspective of nitrogen stoichiometry, generalist predators such as Pardosa should benefit by including intraguild prey in their diet rather than restricting their diet to herbivores. Our results suggest that some but not all instances of exposure to intraguild prey result in increased nitrogen intake and enhanced predator performance. Pardosa, for example, consumed more nitrogen and grew best on a diet of Tytthus compared to when it was fed exclusively herbivorous planthoppers (Figs. 4B, C, 5C ). Moreover, Pardosa exhibited enhanced performance when it supplemented a diet of planthoppers with Tytthus. By contrast, this result did not occur when Pardosa was fed a diet of Grammonota spiders on which it consumed less prey biomass and nitrogen (Fig. 3B, C) , survived poorly ( Fig. 2A) , and grew slowly (Fig. 2B, C) compared to when it was fed Prokelisia prey.
Notably, Pardosa grew faster on a diet of Tytthus, not because this intraguild prey contained more nitrogen than Prokelisia, but because it captured Tytthus more readily than planthoppers (Fig. 5A ) and thus was able to enhance its nitrogen intake (Fig. 5C ). In fact, Tytthus is exceptional in that it contains less nitrogen (9.3 Ϯ 0.2%) than most marsh predators (11.5 Ϯ 0.2%) and is closer in nitrogen content to the herbivore mean (9.2 Ϯ 0.3%), perhaps reflecting its taxonomic affinity to a clade of relatively nitrogen-poor herbivores, namely the Miridae (Fagan et al. 2002) . Grammonota is far more representative of marsh predators, with a nitrogen content of 12.0 Ϯ 0.1%, and it is more nitrogen rich than Prokelisia (11.4 Ϯ 0.1%). Yet, Pardosa performed poorly on this more nitrogen-rich intraguild prey because Grammonota was less readily captured (Fig. 3A) . After accounting for growth due to overall prey biomass intake, we found little evidence that either the nitrogen content or C:N stoichiometry of prey contributed to Pardosa's growth. For example, residuals of the relationship between mass gain and biomass intake in Pardosa were uncorrelated with either the %N or C:N ratio of prey. In short, we found little support for the hypothesis that the nitrogen stoichiometry of prey directly confers a performance advantage to Pardosa and thus in itself promotes intraguild predation. In this case, factors other than the nitrogen stoichiometry of prey played a significant role in prey capture and predator performance.
Although most intraguild prey are more nitrogen rich than herbivore prey (C:N herbivore Ͼ C:N predator ; Appendix A), they are also less abundant, a pattern that results from a fundamental trade-off between resource quantity and quality that exists across trophic levels in food webs (Denno and Fagan 2003) . We controlled for the biomass of prey offered in our experiments, but in the field Pardosa encounters Prokelisia planthoppers (Ͼ1000 adults/m 2 , Ͼ50 000 nymphs/m 2 ) far more frequently than Tytthus (200-400 Tytthus/m 2 ) or Grammonota (300-600 Grammonota/m 2 ), even though these are among the most abundant arthropod predators on the marsh . Nonetheless, the intraguild predation of Tytthus by Pardosa is sufficiently frequent in certain habitats on the marsh to relax predation on Prokelisia and prevent its suppression by the predator complex at large Denno 2002, 2003) .
Prey behavior (e.g., mobility and defense), size, and toxicity can also influence risk of predation (Endo and Endo 1994 , Jackson et al. 1998 , Toft 1999 , Toft and Wise 1999b , Eubanks and Denno 2000b , Stamp 2001 , Singer and Benays 2003 independent of prey nitrogen content. In fact, the behavior of both Tytthus and Grammonota alters their risk of Pardosa attack relative to what one would predict based solely on their nitrogen stoichiometry. Wolf spiders are visually orienting predators that detect their prey by movement and vibrations (Uetz 1992 , Samu 1993 , Dö bel and Denno 1994 . Compared to relatively sessile planthoppers, Tytthus predators are active foragers that scurry along leaves in search of planthopper eggs and are more susceptible to movement-orienting wolf spiders . Thus, despite the similar nutrition and size of Tytthus and Prokelisia, the behavior of Tytthus predisposes it to Pardosa attack. By contrast, Grammonota is a sit-and-wait predator that builds aerial sheet webs near the marsh surface where it can detect both prey and approaching predators via web vibrations (Dö bel et al. 1990 ). The combination of a sit-and-wait foraging behavior coupled with its aggressive behavior and ability to detect and avoid an intraguild predator (Denno et al., in press ) likely contributes to its reduced vulnerability to Pardosa.
Thus, prey characteristics such as behavior or toxicity may compromise a predator's ability to capture potentially more nitrogen-rich intraguild prey (Toft 1999 , Toft and Wise 1999a , b, Francis et al. 2001 , Stamp 2001 , Denno and Fagan 2003 , Singer and Bernays 2003 . For example, instances exist in which intraguild predation or cannibalism do not enhance predator performance (Toft and Wise 1999a) . Moreover, other cases like ours occur where predators or omnivores do not choose the most nitrogen-rich prey item (Duval and Williams 2000, Eubanks and Denno 2000b) or they specialize on poor quality prey (Rotheray and Gilbert 1989) . In most of these examples the nutritional advantage of feeding on intraguild prey is offset in part by feeding on herbivorous prey that are more abundant, more noticeable, less toxic, or more vulnerable to attack (Dixon 1998 , Eubanks and Denno 2000b , Denno and Fagan 2003 . In contrast, cases certainly exist in which invertebrate predators do benefit by feeding on other predators. For example, jumping spiders survive best when provisioned with a spider diet than with a mix of nitrogen-poor herbivorous insects (Li and Jackson 1997) . There are even cases in which predators specialize on other predators, such as araneophagic spiders (Jackson 1992, Li and Jackson 1997) and some fireflies (Eisner et al. 1997) . In numerous instances, cannibalism (the ultimate match in predator-prey stoichiometry) results in enhanced predator survival and performance (Spence and Carcamo 1991 , Wissinger et al. 1996 , Snyder et al. 2000 .
Other adaptations may allow predators to exist on diets comprised largely of herbivores (Denno and Fagan 2003) . When faced with a nitrogen-poor diet, predators might increase feeding rate (Simpson and Simpson 1990) or enhance the efficiency of nutrient extraction from prey (Cohen 1995 , Furrer and Ward 1995 , Toft 1999 . However, there can be penalties associated with feeding compensation such as toxin accumulation or limitations on gut throughput (Sih 1987, Slansky and Wheeler 1992) .
Given the potential drawbacks of a diet composed exclusively of herbivores, Denno and Fagan (2003) argued that dietary supplementation via intraguild predation should remain as one option for predators to meet their high nitrogen demands. In fact, intraguild predation is common among terrestrial arthropod predators (Polis et al. 1989 , Rosenheim 1998 , Hodge 1999 .
The problem has been, and continues to be, isolating factors that promote intraguild predation. In most performance studies of invertebrate predators, however, prey nutrition is not explicitly measured, but it is often implicated as a key determinant of success (e.g., Polis et al. 1989) . Our research showed that predator performance and nitrogen intake are clearly associated (Fig. 6A ), but not in ways necessarily linked to the nitrogen content of the prey. Even in cases where predator performance is linked to prey nutrition (e.g., Li and Jackson 1997) , there is little reason to expect generalist predators to restrict their foraging to the most nitrogen-rich prey (Singer and Bernays 2003) . Rather, selective pressures associated with a high nitrogen demand in predators should promote dietary supplementation including bouts of intraguild predation (Denno and Fagan 2003) . Indeed, many predators are opportunistic in their foraging strategy and do not exhibit strong prey preferences (Marshall and Rypstra 1999 , Nyffeler 1999 , Toft 1999 , Denno and Fagan 2003 , although toxicity and size can influence prey selection (Polis et al. 1989 , Hodge 1999 , Theodoratus and Bowers 1999 , Toft 1999 . Moreover, evidence suggests that some omnivores and intraguild predators perform best on mixed prey diets , Coll 1998 , Toft and Wise 1999a , a feeding strategy that is consistent with the argument that supplemental feeding on intraguild prey allows predators to meet their nitrogen demands (Denno and Fagan 2003) . Likewise, our experiments showed that Pardosa was able to increase its nitrogen intake, growth, or survival by augmenting an herbivore diet with intraguild prey (Figs. 2A, B , 4B, 5C). In no case, however, did Pardosa perform best on the mixed diet (Figs. 2-5) calling into question the benefits of dietary complementation per se for this predator (see Singer and Bernays [2003] ).
Dissecting out the relative contribution of the nitrogen content of prey to predator performance and the occurrence of intraguild predation remains a challenge. The challenge is further exacerbated because stoichiometric constraints tend to attenuate at higher trophic levels, both because stoichiometric mismatches between trophic levels are less pronounced and because gross growth efficiencies of higher predators are often low due to large body size and prey limitation (see Schindler and Eby 1997 , Fagan et al. 2002 , Sterner and Elser 2002 , Denno and Fagan 2003 . Thus, maintenance plays a predominant role in overall predator metabolism making the impacts of mismatched prey stoichiometry on growth more difficult to detect. We argue that detecting a stoichiometric signal using visually searching predators such as Pardosa is even more difficult due to the greater potential for the offsetting effects of prey behavior. Although our experiments were among the first to specifically measure prey nitrogen content and assess predator performance on diets of herbivores and intraguild prey, we were unable to control for other prey-specific traits such as mobility and defense that also affected risk of capture and predator performance. In this context, we found little support for the hypothesis that prey stoichiometry underlies intraguild predation in this system. Nonetheless, we found a positive relationship between nitrogen intake and growth rate across the different diet treatments offered to Pardosa (Fig. 6A) , a relationship that results in large part from enhanced biomass consumption (Fig.  6D) . Moreover, we show a clear increase in the growth of Pardosa that results from the intraguild predation of Tytthus. This result supports the view that obtaining supplemental nitrogen from higher trophic levels, especially when intraguild prey is easily captured, can indeed benefit predators and promote intraguild predation despite the nitrogen stoichiometry of prey. Because of the important consequences of omnivory and intraguild predation for food-web dynamics and biocontrol (Rosenheim et al. 1995 , Polis and Strong 1996 , Rosenheim 1998 , elucidation of the manner in which predator and prey behaviors interface with their nitrogen stoichiometry to promote intraguild predation is crucial.
